We report on the electro-optic and nonlinear optical properties of waveguides produced by low fluence (φ = 1.25 × 10 14 ions/cm 2 ) H + ion implantation in the organic nonlinear optic crystal 4-N, N-dimethylamino-4'-N'-methyl-stilbazolium tosylate (DAST). The profile of the nonlinear optical susceptibility has been determined by measuring the reflected second-harmonic generation efficiency from a wedged-polished sample at a fundamental wavelength of λ ω = 1176 nm. In the waveguide core region the nonlinear optical susceptibility is shown to be preserved to more than 90% of its bulk value. A model which relates the molecular changes to the measured macroscopic alteration of the refractive index and the nonlinear coefficient has been introduced to quantify the fraction of molecules modified by ion implantation. Furthermore, a first electro-optic modulation in ion implanted DAST waveguides has been demonstrated.
Introduction
Organic nonlinear optical materials offer numerous design possibilities and generally exhibit higher and faster nonlinearities compared to their inorganic counterparts [1, 2] . While poled electro-optic polymers are easier to process, organic crystals show superior thermal stability, but the realization of waveguides is still challenging [3, 4, 5] .
DAST (4-N, N-dimethylamino-4'-N'-methyl-stilbazolium tosylate) is an organic crystal with outstanding nonlinear optical properties, e.g. a second-order nonlinear optical coefficient (d = χ (2) /2) d 111 = 1010 ± 110 pm/V at a fundamental wavelength of 1318 nm, and d 111 = 210±55 pm/V at 1907 nm [6] . Furthermore, the combination of a low dielectric constant of ε 11 = 5.2 with a high electro-optic figure of merit, n 3 1 r 111 = 1030 ± 110 pm/V at 800 nm and n 3 1 r 111 = 455 ± 80 pm/V at 1535 nm, are rendering it highly attractive for high-speed electrooptic applications [7] .
Ion implantation is used in a variety of inorganic materials to produce optical waveguide structures [8, 9] . Recently, it has also been applied to the organic nonlinear optical crystal DAST, in which planar optical waveguides have been successfully realized by light ion implantation [10] . A barrier layer with a reduced index of refraction was formed a few micrometers below the surface by low fluence irradiation of 1 MeV H + ions, and thus confinement of light was ensured in the core layer between sample surface and barrier.
To use ion implanted waveguides for active integrated photonic devices, it is of main importance to maintain the high nonlinear optical properties in the waveguide region. In inorganic nonlinear optical active crystals such as KNbO 3 or LiNbO 3 , a reduction of the nonlinear optical properties below 50% of its bulk value was observed upon implantation [11, 12] . With thermal annealing and subsequent repoling the optical nonlinearity was recovered to more than 90% of the bulk value [11] . In organic nonlinear optical crystals, the origins of the refractive index change by ion implantation are electronic excitations [10] , and are therefore essentially different compared to inorganic crystals, in which the refractive index changes are due to ion induced nuclear displacements. The influence of ion implantation on the nonlinear optical properties of organic crystals has not been investigated yet.
In this work we present our results on the measured nonlinear optical susceptibility profile of H + implanted waveguides in DAST. We introduce a model that relates microscopic material changes to the observed alteration of the nonlinear optical susceptibility. Furthermore, we report on the first electro-optic modulation experiments in the produced waveguide structures.
Ion implanted waveguides in DAST
The DAST single crystals used in our experiments were grown from supersaturated methanol solution by the temperature-lowering method [13] . DAST has a monoclinic point-group symmetry m with its mirror plane normal to the b axis. The crystallographic x 1 and x 3 axes coincide almost with the crystallographic a and c axis, respectively [14] . The grown crystals were cut approximately along the dielectric axes and the x 1 x 2 surface was polished to λ /4 quality. The typical sample size was about 7 × 4 × 4 mm 3 with the longest dimension along x 1 .
The x 1 x 2 sample surface was then irradiated with 1 MeV H + ions with a fluence of φ = 1.25 × 10 14 ions/cm 2 . In order to reduce the penetration depth of the ions, the samples were tilted by 60 • from normal incidence, resulting in an induced refractive index barrier at a depth of about 9 µm. The ion current was kept at 40 nA and scanned over an area of 9 × 9 mm 2 to avoid thermal damage to the samples.
We have previously shown that using these implantation parameters a refractive index barrier suitable for waveguiding is formed with a peak refractive index change of ∆n 1 = −0.1 at a probing wavelength of 810 nm [10] . The refractive index profile at this wavelength was measured by detecting the reflected light from a wedged-polished sample surface and the corresponding effective mode indices were determined by the barrier coupling method [15] . By conventional end-fire coupling waveguiding at telecommunication wavelength was demonstrated with measured waveguide losses of about 7 dB/cm. The study of the fundamental waveguide properties at λ = 1.55 µm (refractive index as well as waveguide mode profiles) is of significant importance concerning the use of DAST for highspeed optical modulators and switches in telecommunication.
With help of the previously obtained refractive index data at 810 nm [10] and the model described in detail in Section 4.1, the refractive index profile at a wavelength of 1.55 µm was obtained. Figure 1 shows the refractive index profile with the corresponding optical field distributions of the first and second TE mode, whose effective indices were calculated to be n eff,1 = 2.111 and n eff,2 = 2.102, respectively, by using a 2 × 2 matrix formalism [8] . The tunneling losses were determined with help of the width of the resonance peaks obtained by the matrix formalism [16] and are below 1 dB/cm for the modes depicted. Higher order modes show tunneling loss estimates of over 10 dB/cm. Therefore the produced waveguide can be considered to be bimodal.
Second-harmonic reflection measurement
In order to determine the change of the nonlinear optical susceptibility as a function of the implantation depth, the reflected second-harmonic generated light from a wedged-polished sample surface was measured. To increase the resolution of the measurement, the sample was polished under an angle of 1 • as shown in Fig. 2 . The output of an optical parametric generator/amplifier OPG/OPA (Quantronix, TOPAS), which was pumped with a Ti:sapphire laser providing 160 fs pulses at a center wavelength of 776 nm with a repetition rate of 1 kHz, was then focused on the sample surface to a diameter of less than 10 µm. The sample was scanned in η direction with a step size of 10 µm leading to a depth resolution of about 0.2 µm in z direction. Signal distortions due to polishing imperfections were reduced by averaging over 19 scans taken at different positions. A fundamental wavelength of λ ω = 1176 nm was chosen so that the second-harmonic generated light at λ 2ω = 588 nm was within the visible absorption band of DAST [14] . Therefore, only the second-harmonic generated light at the sample surface was observed and any substrate contributions were eliminated [11] . The polarization of the fundamental beam was parallel to the x 1 direction.
Fig. 2. Experimental setup for measuring the depth profile of the nonlinear optical susceptibility. The second-harmonic light generated on a wedged sample surface is measured while the sample is scanned in η direction. The profile as a function of the implantation depth z is finally obtained by a projection of the η to the z direction.
A light beam impinging on an interface between a linear and a nonlinear optical active medium will result in a second-harmonic reflected wave. For normal incidence the existence of a second-harmonic reflected wave can be explained with the boundary conditions that require continuous tangential electric and magnetic field components. Since in the nonlinear medium waves with second-harmonic frequency exist, the boundary condition can only be fulfilled with the presence of a back reflected second-harmonic wave. For normal incidence the second-harmonic reflected field component E R 2ω at an interface between a linear and a nonlinear optical active medium is related to the induced nonlinear polarizability P NLS 2ω in the active medium by [17] 
where n ω and n 2ω are the refractive indices along the x 1 axis of DAST at the fundamental and second-harmonic frequencies, respectively. E ω is the incident electric field in air, t ω = 2/(n ω + 1) the transmission factor for the electric field amplitude E ω , d 111 the tensor element of the nonlinear optical susceptibility tensor
i jk , and ε 0 the dielectric permittivity of free space. The back reflected light was deflected on a beamsplitter and measured with a photo avalanche diode. We ensured that only the second-harmonic intensity was detected by inserting a band pass and an interference filter, which were blocking the fundamental beam, in the beam path between the beamsplitter and the photodiode. The measured second-harmonic generated power as a function of the depth z normalized by its bulk value is shown in Fig. 3 . In the waveguide core region a reduction of the normalized power of less than 10% was present, whereas within the barrier layer the signal dropped to about 70% of the bulk value of the virgin crystal.
Ion-induced modification of linear and nonlinear optical properties in organic media

Model
Since the quantity of interest is the change of the nonlinear optical susceptibility after implantation, we introduce a model which relates the microscopic and macroscopic properties to the measured second-harmonic power. With help of this model the nonlinear susceptibility d i jk as well as the number of modified molecules will be calculated.
The microscopic linear polarizability α(ω) at frequency ω and the first-order hyperpolarizability β (−2ω, ω, ω) at the fundamental frequency ω are related to the refractive index n and nonlinear susceptibility d by [18] 
where N is the number of molecules per volume and f ω,2ω = (n 2 ω,2ω + 2)/3 are Lorentz local field factors.
After implantation, some nonlinear optical chromophores of the implanted DAST crystals will be modified. This leads to a reduction of the molecular polarizability α and the first-order hyperpolarizability β and hence to an alteration of the macroscopic material properties n and d. The polarizabilityα of the modified molecules can be described bỹ
where k ω is the fraction of remaining polarizability of the modified molecule. If we assume that the first order hyperpolarizability of the modified moleculesβ is
we obtain for the refractive indexñ ω (z) and the nonlinear susceptibilityd(z) of the implanted materialñ
where p(z) is the fraction of unmodified chromophores at the depth z. Dividing Eq. (7) by Eq. (3), we obtain for the fraction of unmodified molecules
With help of Eq. (1) the following relation can be derived for the normalized susceptibility profiled(z)/d bulkd
where P(z)/P bulk is the measured normalized power depicted in Fig. 3 . Therefore, if the refractive index profilesñ 2ω (z) andñ ω (z) are known, the normalized susceptibility profiled(z)/d bulk can be calculated. Subsequently also the fraction of unmodified molecules p(z) given by Eq. (8) can be determined, since the local field factors are only dependent on the refractive index profile data.
Susceptibility profile
The refractive index profiles for our implantation parametes at a wavelength of 633 nm and 810 nm are given in Ref. [10] . The one at 633 nm was extrapolated to the wavelength of the second-harmonic light at 588 nm and the profile at 810 nm was used to obtain the corresponding refractive index profile data at the fundamental wavelength of 1176 nm with the following procedure.
With help of Eqs. (2), (4) and (6), p(z) can be written as
Since the fraction of unmodified molecules p(z) is independent of the wavelength, the refractive index profileñ ω ′ (z) at the frequency ω ′ can be calculated with help of the following equatioñ Assuming that k ω ≈ k ω ′ , the refractive index profilesñ ω (z) andñ 2ω (z) were calculated with help of the refractive index data at 633 nm and 810 nm and the reported bulk refractive indices of n ω = 2.18 at 1176 nm [7] and n 2ω = 3.10 at a wavelength of 588 nm [14] . Figure 4 shows the normalized susceptibility profile (open circles) obtained from the measured P(z)/P bulk data using Eq. (9) . Note the similarity of the amplitudes of the normalized measured power (Fig. 3) to the one of the susceptibility profile (Fig. 4) . As substantiated in Eq. (9), the normalized susceptibility profile is proportional to the square root of the normalized measured power. Taking also into account the reduction of the refractive index in the implanted region, which is usually neglected when analyzing induced waveguides, we obtained the described amplitude similarity. The fraction of unmodified molecules p(z) is represented by a dashed curve as calculated with Eq. (8) . At the peak position about 10% of the molecules were modified. At the position of the maximal optical field of the first mode (see Fig. 1 ), about 2% of the molecules were modified, which decreased the nonlinear optical susceptibility by about 6%.
To describe the nonlinear susceptibility profile as a function of the deposited energy, we have chosen a model analogous to the one used for the refractive index change, in which the deposited energy was related to the induced refractive index change [10] . Hence, the relative change in the nonlinear susceptibility is given by
where ∆d max is the maximal change in d. G el,0 is a normalization energy term and γ el is an exponential factor. G el represents the deposited energy as calculated with Srim [10] and the factor µ accounts for the limited precision in the prediction of the ion range by Srim. The full curve in Fig. 4 corresponds best to the experimental data obtained by least-squares theoretical analysis. The obtained parameters are summarized in Table 1 with the following remarks. For the analysis, ∆d max /d bulk was fixed to −1, since (i) for very high fluences all molecules should be modified and therefore the second-order nonlinear activity of the material lost, and (ii) we are in a low fluence regime as mentioned in Ref. [10] , therefore the parameters G el,0 and ∆d max /d bulk are not independent from each other. Moreover, the factor µ was fixed to the value obtained by the refractive index profile analysis [10] . The theoretical curve in Fig. 4 describes the data (open circles) reasonably well. 
Electro-optic modulation
A first electro-optic modulation in the produced ion implanted planar waveguide structures was demonstrated with the experimental configuration shown in Fig. 5 . The laser output at a wavelength of 1.55 µm was coupled into the waveguides by conventional end-fire coupling. The propagation direction of the guided light was along the dielectric x 2 direction and its polarization was parallel to To detect the phase modulation of the guided signal, an external reference arm was set up. The resulting interference pattern was widened up with a lens and the central part of one fringe was selected with an aperture, which was placed in front of the photodiode.
The spacing between the gold electrodes with a thickness of about 70 nm was relatively large (D = 2 mm). To maximize the modulator response, the phase shift between the two arms was adjusted using a compensator. The resulting linear amplitude modulation was measured with a lock-in amplifier. From the modulation depth the electro-optic coefficient was determined with help of the following equations. The induced phase shift ∆ϕ is related to the electro-optic coefficient r 111 for an electric field applied along the x 1 direction by [18] 
where n 1 is the refractive index, L o the interaction length between the optical beam and the applied electric field and U the applied voltage to the electrodes. The interaction length was L o = 1.9 mm and we applied sinusoidal modulation voltages with amplitudes of up to 10 V. The amplitude of the measured intensity modulation δ I is related to the electro-optic coefficient by 
where I max and I min are the maximal and minimal intensities measured by changing the optical length of the interference arm and δU is the amplitude of the applied modulation voltage. We obtained r 111 = 42 ± 10 pm/V at a modulation frequency of 2 kHz, which is about 10% lower compared to the bulk value of 47 ± 8 pm/V [7] . As for the nonlinear optical susceptibility, Eqs. (3) and (7), the electronic contribution to the electro-optic effect r e can be written as [18] 
for the bulk andr
for the implanted material, where f 0 = (ε + 2)/3. Their ratio is given bỹ
At the position of the maximal optical field of the first mode (z = 2.7 µm), see Fig. 1 , the electro-optic coefficient is only reduced by 2%, considering the parameters obtained in Section 4, and assuming that the reduction in ε is the same as for n 2 ω→0 . At the barrier position the electronic contribution to the electro-optic coefficient is reduced by 7%. Therefore, the measured reduction of the electro-optic coefficient agrees within the error well with the modeled one.
In our case the length of the waveguide was similar to the distance between the electrodes, therefore the required voltage to achieve π/2 phase shift is approximately equal to the reduced half-wave voltage of λ /n 3 r = 3.4 kV at 1.55 µm, which is about 40% lower as in (bulk) LiNbO 3 . For the target devices in DAST crystals with an electrode distance below 5 µm, the half-wave voltage-interaction length product will be below 1.7 volt-centimeters.
Conclusions
We have determined the nonlinear optical properties of ion implanted waveguides in the organic crystal DAST by reflection second-harmonic generation measured from a wedged-polished sample. The planar waveguide structures investigated have been produced by H + ion implantation with a fluence of 1.25 × 10 14 ions/cm 2 . The measurements showed that the nonlinear optical susceptibility is preserved to more than 90% of the bulk value in the waveguide core region. A model that relates the microscopic material changes with the measured macroscopic properties has been introduced. The fraction of modified molecules after implantation has been determined with help of this model. In the barrier region less than 10% of the molecules are modified. In addition, a first electro-optic modulation in the planar waveguide structures has been demonstrated. We believe these results constitute an important step towards the utilization of organic nonlinear optical active crystals in integrated devices for telecommunication applications.
